The residual stress distributions in oxide dispersion-strengthened steel plates, joined by Friction Stir Welding, have been mapped using neutron diffraction. The measured stress maps were interpreted in terms of the temperature profiles measured for welds using three different tool traverse speeds. The largest peak longitudinal tensile stresses, ~1200 MPa, were found in the weld produced using the fastest tool traverse speed, and corresponds to relatively high cooling rates. A reduction in tool traverse speed yields a significant decrease in tensile residual stresses in the thermo-mechanically affected zone of the welds, but also causes higher peak temperatures during welding. The transverse residual stresses were not found to be affected by the tool traverse speed and were significantly lower in magnitude than the longitudinal stresses. Additionally, the torque profiles measured during welding increased with the amount of material stirred and therefore correlated with the width of the thermomechanically affected zone of the welds.
Residual Stress Distribution in Friction Stir

Introduction
Oxide Dispersion-Strengthened (ODS) steels are one of the most promising structural material candidates for the cladding of Gen IV fission reactors and for first-wall components in magnetically-confined fusion reactors, discussed in a review by Zinkle and Snead (2014) .
ODS steels offer an outstanding combination of high-temperature strength and creep resistance. These properties are largely dependent on the presence of a fine homogeneous dispersion of Y(Al,Ti) oxide nano-particles throughout the matrix. ODS steels also present a high resistance to void and helium bubble formation induced by radiation. These properties stem largely from the high density of particle/matrix interfaces that act as preferential trapping sites for trapping radiation-induced lattice defects and helium atoms , see Brodrick et al. (2014) and Odette et al. (2008) , and also as effective obstacles for dislocation movement, providing excellent high temperature strength and creep resistance.
Despite these beneficial properties for the realization of next generation nuclear reactors, the joining of ODS steel components still remains a technological challenge limiting their potential use in the nuclear industry, since the use of standard joining techniques will cause the ODS steel to melt. As a consequence the oxide nano-dispersoids would either agglomerate or dissolve in the matrix, creating a welded region with inferior strength and radiation resistance as compared to the base material. Friction Stir Welding (FSW) is a solid state technique that is potentially able to join ODS steel plates without melting the material, and therefore causing minimal disruption to the nano-oxide dispersion. FSW relies on the local deformation and localized heating caused by the welding tool, as it rotates and advances along the weld line between the two metallic plates to be joined together, see Fig. 1a from Su et al. (2013) .
Unfortunately, this welding process can cause significant residual stresses that may detrimentally affect the properties of the material, such as fatigue strength, toughness and corrosion resistance of the material and could consequently lead to catastrophic failure of ODS reactor components close to the welding zone during service operations. The impact of residual stresses on the properties of materials is discussed at greater length in Totten (2002) and in Williams and Steuwer (2009) . Current experimental data and knowledge about the generation of residual stresses resulting from FSW is very limited in ODS steels, and steels in general according to Kumar et al. (2014) , and does not allow to link the welding parameters to the residual stresses. This hinders the application of FSW as joining technique in ODS steel components for future nuclear reactors. This paper aims to assess the residual stresses created in ODS steel butt welds, and the effect of changing the traverse speed of the welding tool, by the use of neutron diffraction.
Experimental
Starting ODS steel material
MA956 is a fully ferritic ODS steel that contains high levels of Cr and Al for corrosion and oxidation resistance, see Table 1 . The material was produced by Special Metals, UK, and was provided in the form of a 10 mm thick plate with a final recrystallization annealing treatment at 1320°C for 1h. Despite this high temperature anneal, the material mostly retained its fine microstructure in the centre line of the plate, with typically 1-2 µm ferritic grains elongated along the extrusion axis, while the plate surface underwent abnormal grain growth, see Fig. 1a and b. More detail about the microstructure of the MA956 plates can be seen in Dawson et al. (2017) . Texture measurements were made on a D8 Bruker X-ray Diffractometer with a collimated cobalt source, and the data analysis was carried out using the MTEX software, Bachmann et al. (2010) . The plate showed a strong (100)<110> rolling texture, Fig. 1c . These plates were cut in half through thickness by electrical discharge machining to produce nominally 4 mm thick plates. 
Friction stir welding of ODS steel
Butt welds were made on these plates using an MTI RM-2 Precision Spindle FSW machine in the presence of an argon shielding gas, using depth control and a steel backing plate. Due to the non-uniform distribution in ferrite grain size through the thickness of the plates, the butt welds were carried out with the coarse grains at the top of the workpiece. 
Residual stress determination by neutron diffraction
Neutron diffraction is a suitable technique to probe residual stresses distributions in engineering alloys by measuring the relative change in the scattering angle, 2θ, as compared to the scattering angle from an unstressed state in the sample, 2θ 0 . The scattering angles depend on the lattice spacing of the material, according to Bragg's Law, and therefore the lattice itself can act as an effective strain gauge. Residual stresses measurements were performed at the SALSA diffractometer of the Institut Laue-Langevin (ILL) (Grenoble, France), using a monochromatic neutron beam with a wavelength of λ=1.64 Å. The gauge volume used was a cuboid with dimensions 0.6 x 0.6 x 2 mm 3 . The perpendicular bisectors of the square faces, lengths 0.85 mm, were aligned parallel to the transverse (y) and normal (z) directions, while the depth of the cuboid ran parallel to the welding direction (x). The main components of the SALSA diffractometer are shown in Fig. 3 .
Fig. 3.
Main components of the SALSA diffractometer at the ILL, used during the neutron diffraction experiment to obtain the residual stress maps of ODS steel welds.
The welds were placed on the hexapod sample manipulator, which is able to move with high precision in six axes, and therefore maintain accurate alignment for all measured sample positions, see Pirling et al. (2006) . The measurements were taken at five selected depths through the thickness of the welds ranging from 0.8 mm to 3.8 mm in steps of 0.6 mm, in order to avoid potential surface effects on the residual stress determination. For Welds 1 and 3, the scanned position was at 70 and 87 mm from the edge of the plate on the tool entry side, respectively. Weld 2 was measured at three different locations along the weld; 35, 87 and 135 mm from the edge of the plate on the tool entry side. The measured scattering angle at the selected positions in the welds was used to calculate the lattice strains:
where ii denotes the lattice strain, and d represents the lattice spacing at a given weld position and d 0 the reference unstressed lattice spacing. The unstressed position in the sample was characterized to be the average value of the scattering angle of several points, 70 or 80 mm away from weld centre on the advancing side of Weld 1. The strains of the plates were measured in the longitudinal, transverse and normal directions, represented by i = x, y and z respectively. Due to the relatively strong texture in the base material, only the strains in the {110} lattice planes were measured. The stresses along the three principal directions in the material were calculated using the measured strains according to:
where the Young's Modulus E 110 = 224.7 GPa, and the Poisson's ratio 110 = 0.28. The values were used by Mathon et al. (2009) on a similar ODS steel, PM2000, and were originally based on the model developed by Kröner (1961) for non-textured bcc iron. The strong texture also meant that no {110} diffracted intensity could be detected when probing the normal direction in the base material. However, the microstructure in the thermomechanically affected zone (TMAZ) has a near random texture, see Fig.1d , so it was possible to detect {110} diffracted intensity along the normal direction in this region. The thickness of the welded plates was relatively small, and therefore the normal stresses can be approximated as zero, σ z ≈ 0, described further in Hutchings et al. (2005) . The normal strains were therefore determined using the equation: Table 2 . Friction stir welding parameters in the steady state regime, together with the peak tensile residual stress along the longitudinal and traverse directions for the three ODS steel welds produced in this study. The average cooling rate has been determined between the peak temperature and 400°C. Weld 1 used a mean value of only thermocouples 2-4 in the calculation. Weld 2 and 3 used a mean value of both thermocouples.
Results and Discussion
Friction stir welding parameters
The cooling rates were expected to increase with the traverse speed since the rotating tool, which is essentially the heat source, is further away from the temperature measurement position along the weld line at any specific time during the process. The cooling rates were calculated as the mean value of the rate from peak temperature to 400°C. A mean value was calculated from thermocouples considered in the steady state section of each weld, i.e. thermocouples 1 and 5 for Weld 1 were not included in the calculation. Weld 3, with the slowest traverse speed of 70 mm/min, has indeed the slowest cooling rate (30°C/s) of the three welds, and corresponds to the highest peak temperature (1220°C). However, the cooling rate of Weld 1 (36ºC/s) is slower than that of Weld 2 (58ºC/s), despite Weld 1 corresponding to the highest traverse speed in this work. This fact may be partly ascribed to the lower peak temperature in Weld 1 causing a smaller temperature gradient. However, one would expect the distance of the welding tool from the measured position to be the dominant parameter, since the rotating tool is the main source of heat in this process. The time that the weld was above 400ºC, arbitrarily, was approximately 15 seconds for Weld 1 and 18 seconds for Weld 2. The anomaly in the cooling rate at the highest traverse speed of 120 mm/min will have originated from the non-negligible difference in the distance between the bottom of the TMAZ and the steel backing plate. For Weld 1, see Fig. 4a , i.e. there is nearly 1 mm between the base of the TMAZ and the bottom of the workpiece which was in contact with the backing plate also acting as an efficient heat sink. Both Welds 2 and 3 presented a full penetration of the welding tool in the ODS steel plates, see Fig. 4b and c. Therefore the TMAZ was in contact with the backing bar in those two welds, causing the heat to be dissipated at a higher rate through the backing plate than for Weld 1. The TMAZ of Weld 1 has a similar depth to the other two welds; however a workpiece of slightly greater thickness was used for Weld 1. (2003) also observed no observable trend in torque with traverse speed.
The torque of Weld 3 was measured to be significantly greater than for the other two welds, despite the material becoming more plasticised due to the significantly greater peak temperature achieved during welding. The heat generated during the production of this weld was sufficiently high as to plasticise significantly more material, which means that a larger volume of material was stirred than for Weld 1 or 2. Moreover, Fig. 4 shows the wider TMAZ of Weld 3 compared to the other two welds. The increased volume of material stirred in Weld 3 will have increased the necessary torque to maintain the rotation speed of the welding tool. The TMAZ's of Weld 1 and 2 seems to be much more comparable in size, and hence the torque measured during welding was similar in both welds.
Work by Mayfield and Sorenson (2010) showed that the torque was not significantly altered by changes to the temperature in the SZ, agreeing with the findings of this study in which Weld 1 and 2 had similar torques despite significantly different internal temperatures.
Residual stress distributions
The residual stress distributions for the three different welds are shown in Fig however, increase with increasing traverse speed, in agreement with previous reports on friction stir welded engineering alloys, see for instance Peel et al. (2003) or Brewer et al. (2015) . It should be stressed that no phase change has been observed following FSW, and therefore this is not considered as a contributor to the residual stress. These results reveal that FSW can leave significant residual stresses in ODS steels, that should be considered before their implementation in next generation reactors. It is clearly possible to reduce the residual stresses in the TMAZ of the weld by decreasing the traversing speed of the tool; however this generates a higher peak temperature that, if excessively high, may affect the oxide particle stability in the welded zones as shown in Dawson et al. (2017) .
A post-weld heat treatment may be considered to reduce the residual stresses in the TMAZ of the weld.
Conclusions
The residual stresses resulting from the friction stir welding of ODS steel plates has been assessed along with the impact of varying the traverse speed. All of the welds produced in this study retained significant residual stresses after welding, with greater values in the longitudinal orientation than in the transverse. The magnitude of the tensile residual stresses in the TMAZ of the welds depends predominantly on the cooling rate of the welds after the passage of the welding tool, and can therefore be reduced by decreasing the tool traverse speed. However, such a reduction in traverse speed generates higher peak temperatures that, if excessive, may pose a risk for the thermal stability of the nano-oxide particles in the welds.
The torque during welding was found to depend predominantly on the amount of material stirred, and is therefore related the width of the TMAZ. Tables   Table 1. Chemical composition of the studied MA956 ODS steel (wt%). Table 2 . Friction stir welding parameters in the steady state regime, together with the peak tensile residual stress along the longitudinal and traverse directions for the three ODS steel welds produced in this study. The average cooling rate has been determined between the peak temperature and 400ºC. Weld 1 used a mean value of only thermocouples 2-4 in the calculation. Weld 2 and 3 used a mean value of both thermocouples.
